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streams to improve the economics of the bio-based products and
the bioenergy business.
The natural soil deposits do not always possess the requisite engi-
neering properties to serve as qualified geotechnical materials for
construction. As a result, well-established techniques of soil stabi-
lization are often used to improve the properties of geotechnical
materials through the addition of binding agents into soil (5). The
soil-stabilizing additives or admixtures traditionally used include
hydrated lime, portland cement, and fly ash. The standardized prac-
tical guidelines for these traditional stabilizers have been established
by previous researchers including Little and coworkers (6–9),
Thompson (10, 11), and many others (8).
The use of waste materials and by-products in various industrial
applications continues to gain attention under the concept of sus-
tainable development, which meets the needs of the present with-
out compromising the ability of future generations to meet their
own needs (12). Various industrial by-products have been applied
in soil stabilization (8). Edil et al. (13) evaluated a variety of indus-
trial by-products for stabilization using a 1.4-km section along a
Wisconsin state highway. They reported that stabilized sections
provided adequate support for the construction equipment without
pavement distress.
The use of lignin in soil stabilization has been studied over the
past decades (14–19). Adding lignin to clayey soils increases the
soil stability by causing dispersion of the clay fraction (20, 21).
According to Gow et al. (21), the dispersion of the clay fraction
benefits stability of the soil–aggregate mix by (a) plugging voids
and consequently improving water tightness and reducing frost
susceptibility, (b) eliminating soft spots caused by local concentra-
tions of binder soil, (c) filling voids with fines and thus increasing
density, and (d) increasing the effective surface area of the binder
fraction, which results in greater contribution to strength.
Most of the previous lignin-related soil stabilization studies inves-
tigated sulfite lignins (lignosulfonates) derived from paper industry,
whereas the lignins obtained from biofuel or ethanol production are
sulfur free. Even though sulfur-free lignins have been known for many
years, the use of sulfur-free lignin has recently gained interest as a
result of diversification of biomass processing schemes (22). Little
study has been conducted to examine the use of biofuel-derived
sulfur-free lignins for soil stabilization.
The current study aims to investigate the use of biofuel coproduct
containing sulfur-free lignin in pavement soil stabilization. Increased
load-bearing capacity is used as the basis of performance character-
ization, as indicated by unconfined compression strength (UCS).
Two experimental test plans, primary and secondary, were made to
evaluate the coproduct effectiveness as soil stabilizer. The primary
experimental test plan encompassed the comparison of coproduct–
treated soils, untreated soils, and traditional stabilizer-treated soils in
terms of their strengths. The focus of the secondary experimental test
plan was to investigate the effect of additive combinations on strength
improvement. The laboratory test matrix in each test plan included
variations in additive type, additive content, curing periods, and mois-
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The production and use of biofuel have increased under the context of
sustainable development. Biofuel production from plant biomass not only
produces biofuel or ethanol but also coproduces products containing
lignin, modified lignin, and lignin derivatives. The use of lignin-containing
biofuel coproduct in pavement soil stabilization was explored as a new
application area. The primary experimental test plan encompassed the
comparison of coproduct-treated soils, untreated soils, and traditional
stabilizer-treated soils in terms of their strengths. The focus of the sec-
ondary experimental test plan was to investigate the effect of additive
combinations on strength improvement. The laboratory test matrix in
each test plan included variations in additive type, additive content, cur-
ing period, and moisture condition. Statistical analyses were performed
on unconfined compression strength test results to evaluate whether the
strength improvements resulting from the addition of the coproducts
to soils are significant. Results indicated that the biofuel coproducts are
effective in stabilizing the Iowa Class 10 soil classified as CL or A-6(8).
Strengths comparable to traditional additive (fly ash) could be obtained
through the use of combined additives (Coproduct A + fly ash; Coproduct
A + Coproduct B). The use of biofuel coproduct as a stabilization mater-
ial for soil appears to be one of many viable answers to the profitability of
the biobased products and the bioenergy business.
Sustainable use of natural resources continues to gain attention to
replace fossil-based energy and reduce carbon dioxide contribu-
tion to green house gases (1). Even though various natural resources
(e.g., wind, sun, water, biomass) can be recognized as alternative sus-
tainable resources to fossil fuels, biomass, in particular, plant bio-
mass, is considered to be one of the most economical recourses and
is transformed into bio-based energy such as biofuel and ethanol (2).
Biofuel production from plant biomass also produces many different
coproducts that have many unexplored uses (3). The type of coprod-
ucts produced depends on the method of biofuel production and
coproducts recovery method, as well as the source of biomass. Among
many different coproducts is a lignin-containing coproduct, which
has been considered as a waste material or a low value coproduct,
with its use predominantly limited to use as a fuel in the production
of octane boosters and in bio-based products and chemical pro-
ductions (4). Considering that lignin represents the third largest
fraction of agricultural biomass, increasing amounts of lignin as
biofuel coproduct will become available with the expansion of the
lignocellulosic biofuel production industry. Newer uses of biomass-
derived lignin need to be developed to provide additional revenue
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ture conditions. Statistical analyses were performed on the results of
UCS tests obtained from experimental plans to evaluate whether the
strength improvements resulting from soil treatment with coprod-
ucts are significant. The important findings are presented and dis-
cussed regarding the use of biofuel coproduct in soil stabilization as
a new application area.
MATERIALS
Soil
Natural soils were collected from a new construction site for US-20
in Calhoun county, Iowa. The engineering properties of the soil
samples are shown in Table 1. The collected soil samples can be
classified as an A-6(8) soil and CL in accordance with the AASHTO
soil classification system and Unified Soil Classification System,
respectively, and as Class 10 soil as per Iowa Department of Trans-
portation specification (23). The Class 10 soil is the typical exca-
vated soil including all normal earth materials such as loam, silt,
clay, sand, and gravel. On the basis of the engineering properties and
Iowa Department of Transportation specification specifications, the
Class 10 soil can be used in construction specified or should be
removed.
Additives
Two types of biofuel coproduct containing lignin were used as addi-
tives and designated as coproduct A and B in this study. Coproduct A,
as shown in Figure 1, was obtained from a commercial biomass
conversion facility located in Canada. Coproduct A is a dark brown,
free-flowing liquid fuel with a smoky odor reminiscent of the plant
from which it is derived. It is formed in a process called fast pyrol-
ysis wherein plant material (biomass), such as forest residues (e.g.,
bark, sawdust, shavings) and agricultural residues (e.g., sugar cane,
cornhusks, bagasse, wheat straw), are exposed to 400°C to 500°C
in an oxygen-free environment (24). Recently, several qualification
trial tests of Coproduct A for heating the Iowa Capitol Complex
were conducted by the State of Iowa Department of Administra-
tive Services-General Services Enterprise (DAS-GSE) in partner-
ship with Dynamotive Energy Systems Corporation and Biogreen
Resources (25). Coproduct A contains approximately 25% lignin
TABLE 1 Engineering Properties of Investigated Soils
Property Soil
Classification
AASHTO (group index) A-6(8)
USCS group symbol CL
USCS group name Sandy lean clay
Grain size distribution
Gravel (>4.75 mm) (%) 7.6
Sand (0.075–4.75 mm) (%) 40.4
Silt and clay (< 0.075 mm) (%) 51.9
Atterberg limits
Liquid limit (%) 39
Plasticity limit %) 16
Plasticity index (%) 23
Proctor test
Optimum moisture content (%) 17.7
Maximum dry unit weight (γd max), kg/m3(lb/ft3) 1,691 (105.7)
NOTE: USCS = Unified Soil Classification System.
FIGURE 1 Biofuel Coproduct A.
FIGURE 2 Biofuel Coproduct B.
and up to 25% water with a pH value of 2.2. The water compo-
nent in Coproduct A for use of liquid fuel is not a separate phase
because it lowers the viscosity of the fuel.
Coproduct B, as shown in Figure 2, was obtained from a full-scale,
wet-mill, corn-based ethanol plant of Grain Processing Corporation
in Muscatine, Iowa (26). Alkaline-washed corn hull is obtained in
the process of converting the corn into ethanol, and Coproduct B is
a powdered version of this. Coproduct B contains approximately 5%
lignin, 50% hemicellulose, 20% cellulose, and other components.
The Ottumwa Class C fly ash was selected as the traditional addi-
tive to compare biofuel coproduct relative performance. The Ottumwa
Class C fly ash is a coal combustion by-product from Ottumwa
Generating Station located near Chillicothe, Iowa. This fly ash is
commonly used for soil treatment in Iowa.
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STRENGTH PROPERTY TEST METHOD 
AND EXPERIMENTAL TEST PLAN
The stabilization effect of the soil additive is measured in terms
of the increase in load-bearing capacity, as indicated by UCS (16,
17, 19). This study also used UCS tests as the basis of performance
characterization.
Sample Preparation and Test Procedure
The natural soil collected was dried and broken down to particle
sizes that could pass a Νο. 4 (4.75 mm) sieve. Additives were also
dried to remove the initial water in the coproducts. The required
amount of water and additives calculated by dry weight of the soil
was added and mixed thoroughly to produce a homogenous soil
blend. The blended soil samples used in the UCS test were statically
compacted in the cylindrical mold (51 mm × 51 mm). The com-
pacted sample was sealed in a plastic wrap and placed in a temper-
ature-controlled room where it was allowed to cure at 25°C and 40%
relative humidity to represent field condition. The UCS test was con-
ducted following ASTM D2166 (Standard Test Method for Uncon-
fined Compressive Strength of Cohesive Soil, 2006) after various
cure times. A sample of the broken material was used to determine
the moisture content of the materials according to ASTM D2216
[Standard Test Method for Laboratory Determination of Water
(Moisture) Content of Soil and Rock by Mass, 2005].
Primary Test Plan
For comparison purposes, the primary experimental plan for UCS test
encompassed preparation and testing of four broad categories of treat-
ment types: (a) untreated soil sample (control), (b) soil sample treated
with the Biofuel Coproduct A, (c) soil sample treated with the Biofuel
Coproduct B, and (d) soil sample treated with fly ash. Table 2 lists
the primary treatment group combinations evaluated for UCS test dur-
ing this study. Soil was mixed with each additive (bio-fuel coproducts
or fly ash) at variable percentages to examine their influence. Coprod-
uct A and fly ash contents evaluated are 1%, 3%, 6%, 12%, and 15%
by dry soil weight. Coproduct B contents evaluated are 1%, 6%, and
12% by dry soil weight. The untreated soils were also tested without
the addition of any coproduct.
Similarly, the moisture contents and curing periods were incorpo-
rated into the test factorial. The levels of water content (WC) for test-
ing samples are optimum moisture content (OMC), OMC +4%, and
OMC −4% of untreated soil. The curing periods primarily investigated
were 1 and 7 days after sample fabrication for strength tests.
Secondary Test Plan
Apart from the primary treatment group combinations listed in
Table 2, a secondary experimental plan was made to investigate
the effect of additive combinations on strength. The additive com-
binations investigated are of two categories of treatment types:
(a) soil sample treated with Biofuel Coproduct A + fly ash, and 
(b) soil sample treated with Biofuel Coproducts A + B. Table 3 lists
the secondary treatment group combinations evaluated during the
study. The strength results of secondary treatment group combina-
tions are compared with those of untreated soil samples and 12% of
additives treated soil samples made in primary experimental plan.
RESULTS AND ANALYSIS
Primary Test Plan Results
The effects of coproduct types and contents on UCS were evaluated
under different moisture conditions; OMC representing moisture
condition providing maximum dry density of soil and used for qual-
ity control of construction, OMC −4% representing more dry side of
soil condition, and OMC +4% representing more wet side of soil con-
dition. The evaluations were also made under different curing peri-
ods. The results are shown graphically in Figure 3. The UCS values
at 0% additive content on this figure indicate those of untreated soil
after 1 and 7 days of curing. The strengths of untreated soils are
in all cases lower than those of additive-treated soils. Overall, the
TABLE 3 Secondary Treatment Group Combinations
Moisture Curing
Content Period
Level (days) Coproduct A + Fly Ash Coproducts A + B
OMC −4% 1 10 + 2b, 6 + 6, 2 + 10 10 + 2, 6 + 6, 2 + 10
7 10 + 2, 6 + 6, 2 + 10 10 + 2, 6 + 6, 2 + 10
OMC 1 10 + 2, 6 + 6, 2 + 10 10 + 2, 6 + 6, 2 + 10
7 10 + 2, 6 + 6, 2 + 10 10 + 2, 6 + 6, 2 + 10
OMC +4% 1 10 + 2, 6 + 6, 2 + 10 10 + 2, 6 + 6, 2 + 10
7 10 + 2, 6 + 6, 2 + 10 10 + 2, 6 + 6, 2 + 10
aNumbers indicate percent of additive added by dry soil weight.
b10% Coproduct A and 2% fly ash.
Additivea (%)
TABLE 2 Primary Treatment Group Combinations
Moisture Curing
Content Period
Level (days) Coproduct A Coproduct B Fly Ash
OMC −4% 1 0, 1, 3, 6, 12, 15 0, 1, 6, 12 0, 1, 3, 6, 12, 15
7 0, 1, 3, 6, 12, 15 0, 1, 6, 12 0, 1, 3, 6, 12, 15
OMC 1 0, 1, 3, 6, 12, 15 0, 1, 6, 12 0, 1, 3, 6, 12, 15
7 0, 1, 3, 6, 12, 15 0, 1, 6, 12 0, 1, 3, 6, 12, 15
OMC +4% 1 0, 1, 3, 6, 12, 15 0, 1, 6, 12 0, 1, 3, 6, 12, 15
7 0, 1, 3, 6, 12, 15 0, 1, 6, 12 0, 1, 3, 6, 12, 15
NOTE: OMC = optimum moisture content.
aNumbers indicate percent additive added by dry soil weight.
Additivea (%)
of soil under dry condition (OMC −4%). Soil samples treated with
coproducts obtain more strength with increased addition of coprod-
ucts. In particular, the increase in strength of Coproduct A–treated soil
with increased additive content is higher than that of Coproduct
B–treated soil under dry conditions of soil. The curing periods influ-
ence the strength gain of soil treated by Coproduct A, but not that of
soil treated by Coproduct B.
Similar to dry condition of soil (OMC −4%), each of the coproduct–
treated soil UCS test results in Figure 3b shows strength improve-
ments under OMC condition of soil, which represents moisture con-
dition for construction. However, the strength improvements of
the coproduct–treated soil are not higher than those of the fly ash
treated soil. The curing periods have influence on strength gain of
soil treated by coproduct A but not soil treated by Coproduct B. The
1-day strengths of Coproduct A–treated soil are lower than those of
Coproduct B–treated soil. However, the 7-day strengths of Coproduct
A–treated soil are higher than those of Coproduct B–treated soil.
Figure 3c shows that both coproducts are still effective in improv-
ing the strength of soil under wet conditions of soil (OMC +4%).
The strengths of treated soil increase with the increase in coprod-
uct concentrations and curing periods. The strengths of soil treated
by Coproduct B are higher than those by Coproduct A. All the
results under different moisture conditions indicate that Coprod-
uct A is more effective to improve strength under dry condition
whereas Coproduct B is more effective to improve strength under
wet condition.
Paired t-tests were performed to evaluate whether the strength
improvements of the coproduct–treated soils are significant. Two
kinds of t-test, an independent t-test and a paired t-test, can be
used to examine the difference between the two groups. In statisti-
cal test, an independent t-test uses the difference of means between
two groups, and a paired t-test uses the mean of difference between
the observations in one group and the matched observations in the
other group. Thus, a paired t-test used in this study can consider the
correlation between observations, which can be ignored in an inde-
pendent t-test (27), that is, more strict than an independent t-test. A
paired t-test result can be expressed in terms of a p-value, which rep-
resents the weight of evidence for rejecting the null hypothesis (28).
The null hypothesis is the equality of mean of difference between
comparisons. The null hypothesis can be rejected, that is, the mean
of difference between comparisons are significantly different, if the
p-value is less than the selected significance level (α). A Type I error
(α) of 0.05 was used for all paired t-tests.
Each additive treatment combination was compared with the
natural soil to determine whether the strength differences were sig-
nificant. As seen in Table 4, the strengths of natural soil are not
significantly different from 1% of Coproducts A and B under OMC
−4% and OMC conditions, and 15% of Coproduct A under OMC con-
dition. All other treatment combinations possessed a significantly
higher strength than the natural soil. Each coproduct treatment com-
bination was also compared with the fly ash treatment combination.
Table 5 presents the paired t-test results for these comparisons. All
the paired t-test results indicate that Coproducts A and B are effec-
tive to improve soil strength but this improvement is not higher than
one resulting from fly ash.
Secondary Test Results
The effects of combined additive combinations on strength were
evaluated under different moisture conditions. The results are shown
graphically in Figures 4 through 6. A, B, and FA in these figures are
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FIGURE 3 Variation of UCS: (a) OMC 4%, (b) OMC, and (c)
OMC 4%.
strengths under the more dry side of soil condition are higher than
those under the more wet side of soil condition. A high increase in
strengths occurs with 12% of Coproduct A in all cases.
As shown in Figure 3a, fly ash representing the traditional soil
stabilizer clearly stands out as the most effective additive to enhance
the strength of tested soil under dry condition of soil (OMC −4%).
Both Coproducts (A and B) are also effective in enhancing the strength
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TABLE 4 Paired t-Test Results for Comparisons of Natural Soil Strengths with the Additive-Treated 
Soil Strengths
Moisture Content
Additive
OMC −4% OMC OMC +4%
Additive Type Content (%) p-Value Different? p-Value Different? p-Value Different?
Fly ash 1 .0008 Yes .0116 Yes .0007 Yes
Fly ash 3 .0057 Yes .0039 Yes .0075 Yes
Fly ash 6 .0172 Yes .0043 Yes .0002 Yes
Fly ash 12 .0017 Yes .0013 Yes .0046 Yes
Fly ash 15 <.0001 Yes .0027 Yes .0012 Yes
Coproduct A 1 .2373 No .1433 No .0007 Yes
Coproduct A 3 .0075 Yes .0186 Yes .0002 Yes
Coproduct A 6 .0023 Yes .0064 Yes .0031 Yes
Coproduct A 12 .0026 Yes .0103 Yes .0037 Yes
Coproduct A 15 .0244 Yes .0518 No .0034 Yes
Coproduct B 1 .406 No .1308 No .0283 Yes
Coproduct B 6 .0018 Yes .0018 Yes .0015 Yes
Coproduct B 12 .003 Yes .0003 Yes .0013 Yes
TABLE 5 Paired t-Test Results for Comparisons of Fly Ash–Treated Soil Strengths with Biofuel 
Coproduct–Treated Soil Strengths
Moisture Content
Additive
OMC −4% OMC OMC +4%
Additive Type Content (%) p-Value Different? p-Value Different? p-Value Different?
Coproduct A 1 .0443 Yes .1207 No .0088 Yes
Coproduct A 3 .0055 Yes .0252 Yes .1844 No
Coproduct A 6 .0019 Yes .1436 No .0239 Yes
Coproduct A 12 .0683 No .0111 Yes .0076 Yes
Coproduct A 15 .0042 Yes .0008 Yes .0012 Yes
Coproduct B 1 .0535 No .1707 No .1420 No
Coproduct B 6 .0072 Yes .0625 No .0015 Yes
Coproduct B 12 .0278 Yes .0042 Yes .1660 No
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FIGURE 4 Unconfined compressive strength result for secondary treatment group
under OMC 4% condition (FA  fly ash, A  Coproduct A, B  Coproduct B).
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FIGURE 5 Unconfined compressive strength result for secondary treatment group
under OMC condition.
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FIGURE 6 Unconfined compressive strength result for secondary treatment group
under OMC 4% condition.
Coproduct A, Coproduct B, and fly ash. Overall, the strengths of
untreated soils in all cases are lower than combined additive combi-
nations treated soils. The paired t-tests were also performed to eval-
uate whether the strengths of different additive combinations are
statically different from those of the fly ash combinations. Table 6
presents these paired t-test results.
As shown in Figure 4, among combined additive combinations
are the 10% Coproduct A and 2% fly ash combination and the 10%
Coproduct A and 2% Coproduct B combination that present higher
strength under OMC −4%. Even though the average values of strength
for these combined combinations are less than fly ash, p-values of
.1208 and .0749 in Table 6 indicate that these differences are not
significant. The strength results under OMC in Figure 5 show that
the 6% Coproduct A and 6% fly ash combination possess higher
strengths among combined additive combinations. The strength of
this combination is higher than that of Coproduct A or B. However,
the strength of this combination is lower than that of fly ash. As
shown in Figure 6 and Table 6, the combined additive combinations
of Coproduct A and fly ash possess strengths close to fly ash under
OMC +4%. The strengths of 10% Coproduct A and 2% Coproduct B
also are not significantly different than those of fly ash.
SUMMARY AND CONCLUSIONS
This study investigated the use of biofuel coproduct containing lignin
in soil stabilization as a new application area for biofuel coproduct.
Laboratory tests were conducted to compare the strength property of
two types of biofuel coproducts–treated soil samples with untreated
and traditional stabilizer (fly ash) treated soil sample. Two types of
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biofuel coproducts investigated are a liquid type with higher lignin
content (Coproduct A) and a powder type with lower lignin content
(Coproduct B). Combined additive combinations (Coproduct A and
fly ash, Coproducts A and B) were also evaluated as alternative addi-
tives to coproducts. The following conclusions can be succinctly
summarized in the context of use of biofuel coproduct containing
lignin in soil stabilization.
• Biofuel coproducts that were investigated are promising materi-
als to improve the strength of the Iowa Class 10 soil classified to CL
or A-6(8).
• Coproduct A is more effective to improve strength under dry
condition, whereas Coproduct B is more effective to improve strength
under wet condition.
• The UCS of coproduct-treated soil samples increase with the
increase in content of coproducts. A high increase in UCS occurred
with 12% of Coproduct A in all cases.
• The combined additive combinations of the 10% of Coproduct
A and 2% of fly ash and the 10% coproduct A and 2% Coproduct B
under dry (OMC −4%) conditions provide strength comparable to
fly ash treatment.
• The combined additive combinations of Coproduct A and fly
ash under OMC +4% possess strengths similar to fly ash treatment.
• The curing periods have more influence on strength gain of soil
treated by Coproduct A than that treated by Coproduct B.
Use of biofuel coproduct as a stabilization material for soil appears
to be one of many viable answers to the profitability of the bio-based
products and the bioenergy business (29–31). Because much more
biofuel coproduct is disposed of than used, making more produc-
tive use of biofuel coproduct would have considerable benefits for
sustainable development. Biofuel coproducts used in this experi-
ment demonstrated excellent potential for stabilizing low quality
materials for use in low and high-volume roads. These products
could be used to stabilize existing subgrade materials to provide a
stable working platform and to improve strength of undesirable
soil materials for use as the load-bearing layer within the pavement
system.
Because the feedstock of biofuel and coproduct is natural biomass
and the sulfur-free lignin is insoluble in water, these biofuel coprod-
ucts containing sulfur-free lignin are considered biodegradable
and moisture resistant. However, evaluation of moisture–freeze–thaw
durability and environmental impacts of these biofuel coproducts
is recommended for future research to confirm these statements.
In addition, the long-term performance of these biofuel coprod-
ucts should be evaluated under actual field conditions and traffic
loadings.
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